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This is Volume 9, Book 3 of the History: Project First,

F-I Combustion Stability ProKrsm Report, prepared in

• compliance with the provisions of eontraet NASw-16,

Hod _ and Nod 44, attaehment B, the Reeketdyne F-1

Engine Development Progrma for the National Aeronautics

and Space Administration.

ABSTnACT

A history of the F-1 Combustion Stability Program from

April through June 1964 is presented. Results of studies,

tests, and procedures are disenssed and graphically

presented, and problems encountered are described.
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Volume 2, Book 3 reviews the Combustion Stability ProL_ua through the

months of April, Nay, and June 1_. It relates proems results in the

achievement of dynamic stability and injector perforssnce, and att¢ ;pts

.to convey the engineering thought that directed the program.

©
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By the end of June 19(_, the basic design features of an l_ff injector that

would damp instabilities v: _thin 100 ailllseeonds had emerged. I_o in-

jector units,, which were considered to be FI_ candidates, evolved froa

the F-I co:ponent testing during that quarter. These injectors were

tested successfully on an engine.

Analytical studies during this period were directed toward determining the

nature of the 500-cps buss problem. Further study of buss phenomenon ires

also undertaken by Rocke',dyne's Research Deparkment. Contributions to the

analysis effort were also made by the Hydrodynamics Studies Program and

H-1 Program.

During this report period, the Spud Test Program was moved to the Neosho,

Missouri Facility. Also, an experimental program on the acoustic liner

was begun. 0_her areas of interest at this time included the Bomb

Development Progrm_ and the Feed System Palsing Pro_wna.

I ........

R,-5615--7 3
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During this quarter, Professor Antone Oppenheim of the University of

California and the NASA Combustion Stability Ad Hoc C_ittee consulted

with the F-1 Combustion Stability Group. Several concepts and neehanisms

of combustion instability were studied and evaluated. The concepts con-

sidered included:

I. Mechanism for the reinitiation process for resurge

2. Fuel buffered baffle concept

3. The effect of localized mixture ratios on the total performance

and stability of an injector

4. The effect of propellant feed system on the 500-cps buzz-type

ins tabi I ity

5. Acoustic liner

MECHANISM FOR THE REINITIATICN PROCESS FOR RESURGE

O

Professor Oppenheim suggested that particular attention be given to the

resurge mode of instability and mechanisms of bomb perturbation ampli-

fication; In the light of his experiments at the University Of Californi_

Mr. Oppenheim suggested a possible mechanism for the reinitiation process

for resurge. In a detonation tube, it has been observed that a secondary

explosion takes place in the turbulent burning zone following an acceler-

ating combustion front. This explosion takes place at the wall and,

because of the reflections across the tube 1 a shock is propagated in

both directions. One shock system overtakes and modifies the detonation,

and the other shock propagates away from the detonation. This secondary.

B,--5615-7 5
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explosion and subsequent wave system is termed retonation (or redetonation).

Professor Oppenheim did not directly associate retonation to resurge,

but he postulated that the process by vhich retonation is believed to be

initiated does apply to the resurge mode. The theory of the onset of

retouation is that a pocket of unburned species near a wall undergoes

implosion, or burning from the outside in. The energy per unit surface

area of the burning front increases because the area decreaees. Theoret-

ically then, there is infinite pressure at the center. This subsequently

produces a high-emplitude "pop." This pop phenomenon was put forward

as a possible resurge trigger.

Professor Oppenheim stated true Chapusnn-Jouget detonation does not play

a role in the resurge instability. The disturbances are of other

explosive nature. It was suggested that the high-amplitude waves observed

could be explained by coalesced pressure waves generated by the accelera1_-

ing burning process.

FUEL _ BAFFLE C(NCEPT

The observed destabilizing effects of propellant spray mismatching

adjacent to the thrust chewer wall has led to the fuel buffer concept.

HisNatehinE of oxidizer and fuel sprays adjacent to confininE surfaces

is believed to cause a degra_tion of stability for the following reasons:

le For a given change in coabustion rate n_r a confininl surface,

the anplitude of the change in localised gas velocity will be

approximtely twice as great as for the case vhere the localized

chanse in combustion rate occurs at a remote position with

respeet to the eonflninE surface. Tiros, joint impingement of oxi-

dizer and fuel on a confining s_fa_ (bLt[fle or thrust ch_ber

vail) should be detrimental for stability.

6 _-_1_-7
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2. The sustaining energy for unstable cou'lmstion is increased

because a deflection of the interl_pped propellant sprays

adjacent to the confining surface produces a greater change ih

mixing rate than for the case where only one propellamt is

injected adjacent to the confining surface.

The bulk density of the propellant sprays and gases next to the

confining surface is increased when aisalignment occurs. This

is because the oxidizer sprays, in addition to the fuel sprays,

impinge on the confining surface. Since the bulk density is

greater, the ease with which high over-pressures can be generated

is enhanced. That is, the greater density tends to increase

the degree of confinement because of the higher inertial

resistance to velocity changes. In turn, the higher concentration

of propellant cases a greater combustion rate change for a given

velocity change. These conditions are conducive toward the

generation of large localized changes in coabustion rate or

over-pressures.

The fuel buffer concept _as evolved to rectify the adverse effects Of

propellant spray mismatching adjacent to confining surfaces. This con

8ists of blanking off the existing fuel pairs adjacent to the radial

baffles and redrilling holes which impinge across oxidizer rings. This

arrangement allo_m fuel fans to be matched with the oxidizer fans in a

u_nner similar to that which exists adjacent to the thrust chamber wall.

The oxidizer orifices adjacent to the circumferential baffles are blank_l

off, alloying fuel only to strike the circumterontial baffles. This

improves stability by preventing high-density oxidiser and fuel from

striking jointly on the baffle surfaces and also prevents high-density oxi-

dizer streams from extendi_l excessively far do_tream adjacent to the con-

fining surface. _._o provision of fuel funs matched radially with adjacent

LOX fans along the circumferential baffles also _ovides the same effee_
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It should be noted that the provision of circumferential fuel fans adjacent

to the radial baffles does not result in off-m/xture-rati_ conditions in

the region of the baffles. The fuel orifices matched with the oxidizer

ori.fices adjacent to the baffles are reduced in size to compensate for

the fuel which is passed through the fuel holes which form the circumfer-

ential fuel fans.

THE EFFECT OF LOCALIZ_ }_IXTURE BATIOS ON THE TOTAL

P_F0IM_CE AND STABILITY _ AN INJE_CR

Figure 1 illustrates the m/xture ratio profile vs radial dJ._tance along

the injector face for a typical injector. It is considered possible that

to improve the performance of an injector, the local mixture ratio in the

outer periphery and along the baffles must be brought closer to the

rLted value. To improve the mixture ratio around the baffles, dump cool-

ant may be increased or the oxidizer orifices adjacent to the baffles amy

be reduced in size. A reduction in fuel flow in the outer ring would

increase the mixture ratio in the outer periphery to the rated value.

Also, by restricting the fuel flow in the outer ring the injection

density in the outer periphery is lowered. Since the injection density

in the outer periphery is lover than in the center, dissipation or venting

of an over pressure into an area of lower propellant concengration can be

accomplished. Theoretically, by reducing the fuel flov through the outer

ring, injector performance and stability should improve.

i'm  FeCT OF

BO'_ JITI_ II_TkBII_

The effects of the propellant feed system on the 500-cps buzz-type insta-

bility have not been clearly determined. Parameters such as feed system

and /njection pressure drops have been found to be significant. However,
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it has been postulated that feed system geometry my play an important

role in the 500-cps buzz problem. Oat-of-phase conditions have been

known to exist across both the LaX dome and fuel manifold. Usually

nodal lines can be drawn connecting the inlets on both _ dome and fuel

manifold. This out-of-phase condition i8 believed to cause oscillations

in the LOX axial feed holes and in the ring grooves of the injector.

Similarly, the out-of-phase condition existing in the fuel manifold is

believed to induce an annular mode in the fuel riq grooves and circumfer-

ential baffles. Also, because of its geometry, the fuel manifold my be

resonating at 500 cps and transmitting the oscillations directly to the

combustion chamber. FiL_re o is an example of the _-cps buzz-type

instability. The traces appear sinusoidal, and the s_plitude rmi_

relatively constant. The fuel, I_l_and chamber pressure oscillations

indicate a feed-system-coupled mode.

ACOUSTIC

During this report period, the application of an acoustic liner as a

possible combustion instability suppressing device _ investi_ted.

The acoustic liner consists of an array of Helmholtz resonators. A

plane wave iEpi_ing on it is partially absorbed and partially reflected.

Maximm absorption occurs when the incident wave is of the same frequency

as the resonant frequency of the liner cavities. The amount of absorption

and band width of the absorption curve can be adjUsted by varyiz_ _he

geometry of the resonator cavities and fraction of open area of the liner

sqrfaee.

The acoustic liner program is discussed in detail in the sect£oa entitled

Experimental Programs.

lO n.._'u_.'?
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The s_Llysis for this period Ires composed of five sol.rate area: of study

as follows:

I. F-I engine analysis

2. Test stand 2A component analysis

3. H-I for F-I pros_am

4. Test stand 2A csllbrstlon

5. S_tr_sics

©
Y-1 m_'G_ ANAI_IS.

During this period, 35 series of tests on 13 different injector units were

conducted on the component test s_2md. In addition, 94 engine tests on

the 5U _fled injectors were conducted.

Engine testing consisted primarily of continued evaluation of the

baffled injector. During the quarter, 24 tests were conducted on four

baffled injector units of the type shown in Fig. _. Also, I0 tests

were conducted on two hey injector units of the type shown in Fig. 4.

The injectors, il1_strst_l by Fi E. 4, were considered to be FI_

candldates. "

Seven tests were conducted with injector unit 092 to investisste the

performance and burning characteristics of this injector in an engine.

The average estimated specific impulse for these tests _ms 262.0 seconds.

Chamber tube erosions and cracks were noticedduring the testing.

11,.-561.%..7 I_
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Injector unit XD_, _hlch _s built to the same specifleatioas as injector

unit 092, was fired three times. Engine specific /_mlee ranged from 2_9.9

to 260.5. On the last test, a l_..f_rainbonb indncedan instabillty

which persisted for _90 milliseconds. A rough coab_tion cutoff (IMP)

was incurred after 1.6 seconds of nainstage operation. The node of 4--

s_bili_y wm identified, as resurging coupled with _)-cps out-of-phase

oscillations across the oxidizer dome. Poettest inspection revealed t_

split tubes and 68 collapsed tubes near the injector face. The outer

radial baffles were bent in a cloekeise direction. A sugary of the

engine tests on the FB_ candidate injectors is pressured in Table 1.

©

T_T STAND 2A COMPOb_D_ ANAL_IS

Testing on the 2A compone_-: stud consisted of continued evaluation and

study of the problems conoerning stabili-_.y and performance. During this

period, an F_ candidate injector evolved from the component s_d testi_K.

This injector type was mentioned previously and is shown in Fig. _.

The following concepts were tested and evaluated. (A diseussiou of these

concepts follows later in the text):

1. The effect of complete isolation of _he oxidizer do", on t]_

500-.aps b_s

2. The effect on resurging of enlarging the oxidiser orifices ale_

the radAal baffles

3. The effect of reducing the size of the oxidiser orifices on the

50_.-eps buzz

_. The effect of plugged outer rings or wll gap on dym_tc s4_bility

P.-%15-7 19
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.

7. P.valus_ion of

8. The effect of

9. The effect of

lO. Investiption

11. Investigation

baffles

The effect of dams, in both the rink grooves and circumferential

baffles, on the 500-cps buzz

The effect of changes in fuel atomization on the 500-eps lxlzZ

the divergent ring concept

the low-differential-pressure dome on buzz

splitters on dynamic stability

of fuel buffered baffles

of canted oxidizer orifices adjacent to the radial

12. The effect of reduced flov in the outer fuel ring on dymmic

stability

1_. Investigation of combustion chamber compatibility

Discussion. The numbers preceding the following paragraphs refer to Uie

concepts listed above.

. To determine whether complete isolation of the oxidizer dome

would affect the 500-clm buzz, test 106 van conducted with in-

. jector unit X002 (Fig. 5 ). The hardware had been moclified by

the addition of four dome cavity radial dam that sealed qaiust

Teflon seals placed in grooves on the back of the injector. Dur-

ink the test, 500-cps buzzing self-initiated and increused in

amplitude eventually causinE a rouKh combustion cutoff. The

instability demped but buzzing reinitiated, increased in mmpli-

rude, and retriEgered into instability. PoJttest inspection

indicated that good sealink had been achieved.

_** .o .w •
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Figure 5b. Back Side of Injector Unit _)02 Shoving Grooves
for Reeeivinz Dome Cavity ])am
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Figure 5e. Yiev of Dome EO01 Shoving Dame
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2. Injector unit 081 (Fig. 6 ) was modified by enlarging the oxi-

dizer orifices along the radial baffles. This was done to

determine the effects of increased _zidiser al_q the radial

baffles with respect to rceurgins and performanCe and to further

lower oxidizer differential pressure. Tests 107 and 108 were

condncted on injector unit 081 end the time required to d_p

bomb disturbances had increased from approximately 10 to 65

milliseconds. The performance of the configuration could not

be successfully evaluated because of the brevity of the tests.

Tests 117, 118, and 119 employed another modification of injec-

tor unit 081. All of the oxidizer doublets except those next

to radial or circumferential baffles mad those in the outer

ring were further enlarged. In the first two tests, bombs in-

duced resur[fng type instabilities _ich lasted for 288 end _d)

milliseconds (there was no bomb on the third test). A pel_orm-

ance gain of 3.5 Percent _ c_ relative to tests 101 end 102

(Ref. : Vol. 9, Book 2) was realized with the modification.

3. The effects of reducing the size of oxidizer orifices on the

500-cps buss mode were studied in test 11_ with injector _Ltt

075 (Fig. 7 ). The injector was modified such that the fuel

orifice pattern was identical to injector unit 082 (Fig. 9, item 5)

but the oxidizer pattern consisted of smaller, 0.1_-ineh die_-

eter, orifices impinging at 56 de,tees 2_ minutes. No bomb was

employed in the test and the system ran for programmed duration

despite the fact t_at 500-cps buzzing persisted at a moderate

amplitude throughout the entire mainstaKe portion of the run.

Oscillations were noted in both the feed system and chamber

parameters.

@

I
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Figure 6. (Continued)
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4. The outer LQX and fuel rings of injector unit XO_O _is. 8 )

were plugsed and a single test was conducted without a bomb.

The pluggin_ of the outer two rin_s appeared to be beneficial

in suppressing the 500-elm buzz mode. The Brush records ind/-

cared no significant amount of 500-cps oscillations ,-resent in

shy parameters.

5. Several series of tests were conducted to determine the effects

of ring Kroove and baffle dams on the 500-cps buzz mode.

Three tests were conducted on injector unit 082 (Fig. 9 ) with

156 dam in the fuel ring grooves. Four bomb dieturbmaces Lu

f/rst two tests damped with/n 7 milliseconds. £ualysis of Brush

records and power spectral density plots revealed that 500-eps

oscillations were present only in the fuel system, mad these

were of very low amplitude. Injector unit 080 wan then modified

by placing 8 dams in the inner circumferential baffle. Two

tests were then conducted. Based on Brush records, there were

no indications of 500-cps buss in my parameters for the -_irst

test, but the bomb disturbances induced slight indications of

buzz ih the seond test. The d_p times were 5 and 10 milliseconds.

Dens were also placed in the fuel ring grooves and cix_qmferential

baffle cavities of injector X002, and two tests were cunducted.

AlthouSh these modifications successfully eliminated the buzz in

injector unit 082, there was no apparent charge in the buzz of

injector unit X00O. In both tests, the system self-tFi_ered

in the 500-cpn buzz mode and an RCC resulted. Both tests we, re

too short to acquire steady-state data_

6. To study the effects of cha_es in fuel atomization, one test

wan conducted on injector unit XOll (Fig. 10). The injector

had an oxidiser pstteru identical to injector unit 082 (Fig. 9)-
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Figure 8. Injector Unit XO_O, Type 586_PP
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The fuel pattern consisted of 0.159-inch-dimeter fuel doublets

impinging at _0 degrees. During the test, itmedLately after

mainstage operation van reached, & series of rapidly diTerling

_O-cps oscillstions commenced. These were followed,by ffhe ap-

pearance of hilher frequency components. • rouih conbustion

cutoff resulted. It _s evident that to maintain stability,

large fuel\ orifices must be used.

The divergent ring concept was evaluated qain with rednced

oxidiser alonK the radial baffles. Two tosts were conducted on

injector unit a007 (Fie. 11). The configuration consisted of

three baffle compartments, a six-ring diversence_ and all oxi-

dizer triplets next to the _afflee blanked. In the first test,

the bomb disturbance dampe t in 12 millieeccmds. However, in

the second test the bomb induced a lov-smplitude cyclic insta-

bility which caused a rough combustion cutoff. The oscillations

persisted for _5 millisecemds and appeared to contain frequen-

cies of 1250, 250, and 500 cps:

During this period, an oxidiser done, _Lich vne modified by _he

addition of streamlined inlets to rsdnce the pressure drop fr_

the inlets to the oxidiser cavity, van tossed. One test, with

injector unit X002, resulted in a rough combustion cutof_ e. Re-

liable test data were not obta_ed because of the short test

duration. Three more teats were conducted with injector unit 082.

The first test, conducted without & bomb, exhibited n low-

amplitude, out-of-phase, _O0-cps buss in all parameter throush-

out the entire uninstage portion of the run. In the second test

there were no clear frequencies discernible in any parameter.

The third test employed two bombs and resulted in a roqh com-

bustion cutoff. The test exhibited some lov-awplitude inter-

mittent buzzing in fuel parameters after the bomb disturbances.
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The bomb _isturbanees vere dsmped in 18 and 8 u_lliseeonds

vhich, coupled vith ignition start, wre uoq_ for an K based

on acon_lated count. It was concluded that the lew-differential-

pressure exidizer dome did not ham stay e_feet on buss.

9. To deteruine the effects of exid£ser _ed passqe splitters, tests

were connoted with injee_.er uai¢ 081. The injector had _l& oxi-

dizer feed passage splitters /astalledL The tests we eondneted

in a solid-wall chamber. Six bomb disturbances _ere ds_ed in

less than lh milliseconds, and thmre _s no evidence of _O-epe

buzsing.

A test u conducted on unit X007A (l_. 19) to determine the

effect of remvi_ 32 oxidizer fe_l passage splitters on re,

surfing. The test w bonbed and the imstmbility persisted for

287 aillLse©onds end eansed• roul_k easbustion cutoff. Themode -

of instability vu resurKinK vith _ to _-¢p8 oscillations

present in oxidizer s_! fuel _te_s.

In general, it appeared that the exik fee/p_sqe splitters

tended to suppress the 500-elm oscillm_on8.

10. Three tests were condneted _a in jester wait X_5 to investigate

the effect of fuel buffered baffles on etabi!ity. The in_eetor

was an ueooled, tri-batfled cent/&_mkion with _ exidiser

triplets plugged along the baffles (I_E. 13). Previously, this

system, vithout the pluned exid/mer Eeeupe along the baffles,

exhibited a high-amplitude, _O-_lu a_hness, which c_ed

i_ediate BCC. D_ring this test sea-ion, three bomb indeed

disturbmees _ere damped in 12 _/liszemds e_ less. This indi-

cated that fuel aloag the baffles was beneficial for stability.

_,.._61_-7 4?
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Figure 12. (Continued)
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12.

11. An attempt to directly evaluate the effects of canted oxidiser

orifices on bussinS and resurging vss Bade with injector unit

X002. On this unit all of the oxidizer fans alone the radial

baffles vere canted _ dejrees 6 ainutes away from _ne baffles.

The systeu still phased into m hiih-snplitude _80-¢ps bussing

mode, and the test was terminated by an observer after 2._ seo-

onds becwae of am external fire. Detailed reviev of the hilh-

frequency records revealed that high-frequency components were

less predominant than in previous tests. This aeeouted for

the system not going "rough 'l and causing a rough coubustion

cutoff.

It vu reasoned that the hilher frequency couponents _aich were

absent from this test were at leut partially attributable to

coapartment oscillations, and thst these conpart_nt oscilla-

tions were attenuated by a **cold" zone created by the canted

fans next to the radial baffles.

Five tests were conducted with injector unit 08& (Fig. 1_) for

stability and performance evaluation of the decreased flow in

the outer fuel ring. The outer fuel ring of the injector yam

orifieed for 70 percent of normLl flow. Four bombs were deto-

nated during this series, and the resulting disturbances d_ped

in 10, 10, 29, and 96 milliseconds. '£_he mode of instability

appeared to be s embination of rosurgin_ and low-frequency

oscillations, and s low-suplituds, _00-eps buss was dist. _ netly

present in all tests. Equivalent engine specific iwpuls_ ap-

peared to be about 260 seconds, _hich indicated an i ,-,-_ovensnt

over the previous unit 08_ eonfiL_ration.

13. Several series of tests were conducted to determine conlmstion

chanber compatibility as well as stability and perfornance.

a.-_15-7
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One series of tests, with injector unit F1002 (Fig. 3 ) was

conducted to calibrate flow measurements on the _t component

stand. A series of tests, with injector unit 092 (Fig. _ )

was conducted to evaluate performance, stability, and chamber

colpatibility. Three tests were conducted with injector unit

](05] (Fig. 15). The purpose was to investigate performance,

stability, and chamber compatibility. Two bomb-induced insta-

bilities were damped in less than 19 milliseconds. A _O0-cps,

low-amplitude buzz was evident in chamber pressure and oxidizer

parameters from 90 percent chamber pressure until the bomb deto-

nation. However, there were only slight indicatl_as of oscil-

lation after the bomb disturbances damped.

Several other *_8ts were conducted tc evaluate the aforementioned

concepts. A couplets test summary is given in Table 2 . De-

scription sheets of injector modifications not mentioned in the

text are presented in Fig. 16 through 30-.

H-1 FOR F-1 PROGRAM

During this period the H-1 for F-1 Stability Program was completed. Nine

tests on two injector units were conducted in April 1_. Two tests were

conducted on injector type 3581 (Fig. 31) and seven tests were conducted

on injector type 3582 (Fig. 32). A summary of the tests conducted in

April is presented in Table 3.

Injector type 5381 had 11_ groups of L0X and fuel orifices in the outer

two rings. No film coolant was provided in the outer fuel ring. The

outer LQX ring had a triplet pattern of 0.571-inch impingement. From the

test results, it was concluded that a certain orifice pattern could provide

iuu_-_[io- _ea_,i,_ *iLhuuL lilm cooian[. Also, ii the number oz _ and

fuel orifice pairs in the outer periphery is increased, the c _ efficiency

is increased.
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Test

Test Injector Duration,
No. Type T_._.e seconds

15115 5581 h-l-6h 30.8

15116 5581 i_-I-_ 30.9

8752 5582 _t-2.-6_ 31.0

8753 5582 _-2-6_ 30.6

87_ 5582 _t-2.._ 30.8

8755 558.2 _-2-(A 50.9

8756 5582 _-_6_ 9.0

8757 5582 _-5..6_, 5.7

8758 5582 _,-_-6_ 31.0

Sea Level

Thrust,
1000 pore

199.1

199.3

205.3

205.6

2O6.0

206.5

2O6.8

NOTES: I.

2.

Damp time me_ured _z,em Fe "_

Test 8757 self-trisgered and t
detonated and damped in 12 ai"

Test 8758 seH-triKKered and t
detonated and damped in 15 mi:

O

• ._ _.:dl_.'_t
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0CT_ N_IN6 APRIL, 1964

Sea-Level
Ratio

Mixture

Average Bomb
Disturbance,

grains
Da=p T/m,, •
._i!1is ec.sJxl.s _c*

15

2.200

_. 192

2.2_

2.240

2.2_

2.229

_.245

L_

lmia

680.6

681.4

703.3

707.6

7O9.8

710.6

_m

707.0

milliseconds. Bomb also

milliseconds. Bomb also

u

m--

5O

5O

50

See Note 2

See Note 2

_m

.. i

J

See Note 2

S ee Note i 2

! 97._

I

, 97.2

97.4

_m

97.0

III.....

• _..
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The jmrpose of testing injector type 5582 was to evaluate the effect of

double-row fuel orifioes, L_ triplets, 90 groups of orifices in the outer

two rings, and low fuel injection velocity.

This injeotor damped five bomb die.bastes within _ millis_._do, l_ob-

able self triggers yore notsd in two of the damped tests prior to the bomb

dst_utions for 3 and 10 milliseconds. The _plitude of these soil-in, seed

pope _es apl_oximately 265 psi peak to Peek. The c_ efficiency of these

tests wee above 97 percent. The high perfozluance of thin injector wee

attributed to the outer 90 LToups, and etability_vss attributed to the

low fuel injection velocity. The siKnificant achievement of this injector

wns the combination of matching double-row fuel doublets and sinsle-row Lmr

triplets in achievinK stability.

Progrmn C_tributious for F-1 Application

The met significant contributions of the H-1 for F-1 Stability Pro&ran

toward the dsvelopment of high performance and dTns_c stability ineluds:

1. Large f.uel orifices or lowered fuel injectiou velocity is hene-

fieial for dynemie stability. (In later testinK it was cle_ly

dom_st_ated that the lowered velocity with small orifices _88

8etudl¥ more beneficial than large orifices.)

2. The hiEh seueiti_,ity of the outer zone of an injector v/th re-

spect to stability was eleewl7 demonstrated by plugging the outer

two rings and achieving consistent one-cycle damping. The per-

forsmaee desradation incurred wi4_h this modifie_iou, however,

was prohibitive, and the coucept wee not incorporated in pro&ac-

tion enKines.

3. The ability to conduct lonK-dzw&ticn tests _ithout film or body

_ool_a_ o_ifices _a_ f'_rat _monstratc_ d_ri_g the H_I ._or Y-_1

Stability ProK_om.

llh 11,-._61._..-7



I

©

• A O|VIIION Of NOITIII AlmlrNICAN AVIATION. IN¢

.

.

A limited inveoti|ation of laropellant odditiveo showed no appre-

ciable effect of additives on performance or stsbility and hence,

expensive sad time conenninK investiss_ion on the full-scale F-1

enL_ne system was avoided.

The need for baffles yes qain re-empium/zed through on attempt

to show ilproved flat-face stability on • low fuel velocity in-

jector. The system self tril_ered at 90 percent chamber pressure

and showed no sign of d_mping.

The sensitivity of the injector pattern in the cuter zone with

respect to performance wan illustrated. By leers•sinK the number

of groups in the outer two rinks from 60 to 90 md redncinK film

coolant, an appreciable cheese in specilie impu_e was observed

(7 seconds). It wee a_eeoumended that ff_8 eoneept be employed

in some experimental F-1 injectors for _mrther evaluation.

C_4Pfl_qT T_T 5T_D 2A CAL_RATIOg

Injector performance and pressure drop data obtmbmd at teat stand 2a,

when son.wed with data obtained on enKineo usinK the H_e injectom, re-

vea/ed discrepancies that could not be accounted ,or. It became apparent

that the orisinaZ test stand 2A flovmetor calibrations conducted at

Gornell University vers no loqer valid.

The major probleas eneountored at test stand 9a uere apparently • result

of the inadequacy of the switch gage systems. Tke two main probleum anso-

elated with the use of the switch gsKe syuteum wen:

l* The apparent specific Ipravity of the switch lalle floats yes only

slightly lees than that of the Fopelllsh. Cm--equently, there

was excessive "bobbiq" of the floats au/ng to 8 low restoring

fo]_oe.

]_,...56].5,.-7
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A modified LOX rotor was machined and installed in the LOX flo_weter to

solve the problem of rotor blade cracking with the original design rotor.

This todification required recslibration of the IDX flowmter. A flow-

aster factor of K = 11.375 lb H20/PIP was obtained from a series of eight

LOX blowdowns with the s_dified rotor configuration (Fig. 35). It was

assumed again that the flowaeter was being operated in a linear region.

HYI)RODYK_/ICS

During this period, particular attention was given to the following hyztro-

dynamic studies:

1. 0rifice discharge coefficient evaluation

2. Evaluation of proposals for iuprovingthe coupatibility of

injector 081

3. Analysis o_ outer three fuel rings of injector 073

_. Spray and fan formation studies

Phase I of the effort on discharge coefficient (Cd)work was completed.

This phase consisted of evaluating all of the coemon types of orifice

configurations used in F-1 stability investigation. Entrance condition

for these types was either rough-undeburred or sharp-edged deburred. In

addition to these, several other special types such as AS_ orifices were

tested during this portion of the program. A listof all orifice types

tested is given in Table _. Also, an example of a CdVn ditferential

pressure plot is shown in Fig. 36.

• ..561_-7 119
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11.4

w IL2

II.I

0 0

I

I1.0 J

24O 260 280 3O0 32O

FLOWkqETER, CPS

34O

Figure 35. Test Stand 2A L_ Flowmeter Calibration- (Modified
Rotor)
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TABLE 4

ORIFICE TYP_

Orifice
Diameter,

inches
i

o. 1285

0.147

0.1_9

o.1695

O. 177

0.185

0.209

0.2187

0.221

0.228

0.228

0.228

0.2_

0.281

O._A8

Entrance Condition

Deburred

Deburred, ©ountermank

Delmrred, countenunk

Dekarred, countenunk

Deburred

Deburred, countersunk

Deburred

Undeburred

Undeburred

Deburred

Drilled out AS]4E

$_mlsted drilled out
_ME

Undeburred

Deburred

DebuTed

l_X (L)
or

r .l (r)

F

L

F

L

L

L

L

L

L

L

F

F

L

F

F

Doublets (D)
or

Trivlet, (O
D

T

D

T

T

T

D

T

T

T

D

D

T

D

D

at Rated
Conditions*

0.791

0.962

0.879

0.996

0.811

0.888

0.775

0.712

0.78_

0.870

0.821

0.828

0.892

O.730

0.748

_8 II_forLOX orifice Kroup8 and 20 _fori_ael orifices unless
otherwise stated

R--561_-7 121
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The hydrodynamics flow device was used to evaluate several proposals for

improving the compatibility of injector 081. Among the concepts evalu-

ated were: (1) staked impinging orifices with and without a miUed slot

to provide more circular cross-section fans, and (2) additional injection

elements between doublets in the outer ring to fill any pp between fans

in the problem ares. The additional elements tested were 76-deEree

impinging doublets drilled into the existing orifice holes, igniter heus-

ing heads brazed into the ring, and recessed impinging doublets oriented

norms! to the existing pairs. The 76-degree impinging doublets appeared

from the flow studies to be adequate, and were selected because d their

simplicity as a modification to an existing injector.

The three outer fuel rings of injector 073 were flow tested and analysed.

The data showed that within a" given compartment, maximum and minimem

doublet group flows varied as much as 100 percent. Similarly located

orifice groups from one compartment to another have always showed flow

capacity within a 30-percent band (-+15 percent) about the average of the

entire ring flow. Figure 37 shows the flow per doublet in the first fuel

ring of injector 073.

Spray and fan formation studies with impinging orifice groups were con-

ducted during this period. Fastax films of sprays discharging into

atmospheric pressure from plates installed on the hydrodynamics flow

fixture were taken from two positions 90 degrees apart.

Attempts to obtain spray photographs under_ back pressure in the gaseous

nitrogen environmental tank were unsuccessful. Excessive back splash and

improper lighting caused by the placement of view ports in the tank yielded

very poor pictures. For this reason the atmospheric discharge medium was

chosen until tank modifications could be made.
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DI_I_

Desisn activities _ere concentrated on the development of an lq_ injector

eonfi_ratiou that vould meet or exceed performonce and eonbustion stability

centractual requirem_te. The effort ws divided into two feueral _tooorieo:

Lhe desiKn of Bey in_eetors, and the modification of existin K injectors.

The new injector desips were basically confipu_tions tint resulted

from • series of mdlficJtions which bad proved beneficial on existinl

injectors. The two new injectors, X051 end X0_, vere s/m/lot to the 061

sad 092 confi_tions, respectively. The mjor difference between

injector X051 and 081 18 the depth of the oxld/zer rin_ grooves, wh/eh

Is 0.2 Inch deeper on injector X05I. Also, on Injector X031. the fuel

ring and baffle dams vere incorporated at the time of onsmbly Ind'vere.

brazed in plaee to obtain • seal. The dems used on injector 081 were

added after assembly by installing then thron4_h slots machined in the

fuel rings and baffles. To effect • seal at each location, a metal-to-

metal fit _ maintained between the dam and rink Kroove surfaces. The

slot-to-dam interfaces were then welded _o complete the cool.

Injector 092, u fabric&ted, bad small-diameter fuel orifices to evaluate

the effects of kiKh fuel injection velocity on perfoz_mes and oombution

stability. The /njeetor also had the outer rsd/al baffles rotated oo.5

de_ees such that the inner sad outer radial baffles vere not in line.

This vas aecowplished to iuprove the strsnEth of the baffle SyUteL The

test results (Table 2, tests 158 and 139) shoved food e n efficiency, but

a lone deBp time end considerable rsd/al be_fle buz_nk _s found after

test 139. The fuel orifices were then enlswfed and the injector _8 z_-

tested (tests 1_ threuKh 197). The results are liven in Table 2

Znjector XO02 and oxidiser dome BOO1 were med£f£ed by tim addition of

four r8_i8£ dome dam. These dam were voided to the top og the dome

_1_7 123
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cavity and sealed against Teflon seals placed in grooves on the hack of

the injector. They divided the dome cavity into four sealed segments.

Posttest inspection indicated good sealing had been achieved.

of the dome and injector areshown in Fig. 38 and 39.

Photographs

Injector X002 is a l_-coapartaent, _-ineh high, in-line baffle config-

uration with deep oxidizer ring grooves. The orifice lmttern has counter-

sunk doublets 0_9- and O.k,-inch in diameter with a 56 degree 2h

minute impingement ankle. The fuel doublets are 0.281-inch in diameter,

with a 30 degree impingement angle; however, the _uel doublets in the

outer ring are 0.228-inch diaaeter with a _0 degree impingement angle.

The injector does not have body or film coolant orifices. This injector

has 31_ oxidizer feed passage splitters. A curacy sketch of a splitter

instblled is shown in Fig. 40. The locations of these splitters are

shown in Fig. _1. The locations shown are typical for all injectors

havin_ 314 splitters.

©

INJECTOR _IDIZH_ D_

To .-educe the pressure drop of the F-1 engine systm, considerable study

of the oxidizer dome was nade. Calculations for the existing dane indicate

excessive pressure drop in the two tubular Y-shaped radial inlets. A

photograph of this configuration is shown in Fig. _2. The design study

revealed that approxim_ely 65 percent of the 125 psi pressure drop

throu_ the dome could be eliminated by using expand/ng area inlets which

faired into the torous manifold. The original experimental low differ-

ential pressure design _ such that no lone lead-time tooling was

required and fsbrieatiou eould be expedited. The done is shown in Fig. &3.

126
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C)

C)

Figure _. Oxidizer Dome EO01
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Figure 39. Injector Unit 3(002
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Pigure _1. Location o_ Ox£dizer Spli_ers for
314 Splitter ¢onfi_tion
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This design _s initially tested in April and an actual pressure drop

reduction of 86 psi was realized. A follow-on productims desiKn (Fil. _J_)

wss made to eliminate the external bracing end the aosoeinted weldinE.

The production dome required considerable tooling, but reproducibility

of the flow contours will be more repeatable than the hand formed

experimental models.

.)

ACOUSTIC LIN_

The acoustic liner 18 designed to be concentric with _he upper cyltmir/esl

and choke-ring sccttonn of the F-1 gas Soncrator body. The inner max_uce

m_s covered with an array of triangularly spaced holes 0.03_-inch in

diameter and 0.180-ineh deep. These led into individ_l resonator

cavities 0.250 inch in diameter and 0.500-inch deep. This required

depth necessitated eounterboring and matching O.OS0-in_tor holes

on the inner surface of the body. Because of machining difficulties, the

upper three rows of holes, which lay in the cylindrical section of the

body, were not drilled, but were replaced by a continuous groove 0.125-

inch deep. Bleed holes were drilled in the resonator cavities to vont

any accumulation of unburned fuel that might collect there. Figlre

shows the liner geometry.

The resonant frequency _s adjusted to match that of the calculated

first tangential mode within the cavity, 1990 cps.

)
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PROGBA_

Several experimental progrms were conducted durin£ this quarter.

programs were as follows:

1. Single-Element Spud Program

2. Acoustic Liner Program

3. Bomb Developuent Pro_sm

4. Feed System Pulsing Program

The

SINGLE-ELE_ SPUD PROGRIH

The single-element spud proKrsm eendueted by the Research Department

bed been eonpleted by the beginnins of this period. Plans were made

to use the Neosho, KissourL-Facility to test s/nKle-element spuds. The

purpose _s to determine the operatinK eharseteristicJ and perfornmwe

of various spuds. On 12 )ky 1964, the first spud test _Is em_neted at

Neoshe. Three basic parsneters vere measured and were reeordod on

standard oseilloKraphs: chamber pressure, thrust, and flovrate. In

addition, the feed system differe_tinl pressures, L_ tmperature,

propellant tank pressure, injector differential pressures, end inlet

pressures were recorded.

Aecu_lsted tolersnces of the ,,mssurinlE system placed s -+6-pereemt 1/mLt-

&tion .on seeursey when eonlmtinq_ performance. AlthouKh this bend eou/d

normslly be nsrroved by p1ottinK the data free repented testlnK_

a problem of variation in mixture ratio betveen tests existed.

©

a-_15-7 135



I ............

.... 1_

_O_TD_m • A DIVIJ|ION OF NORTH AMERICAN AVIATION. INC

In an effort to minimize the possibility of errors, ehamber pressure

was measured at three points on the injector face, and thrust _us recorded

by two instruments. However, the data were scattered, and an average

chamber pressure and average thrust were used. The values for the

measured thrust, however, seldom coincided w/th the calculated values

of thrust using measured chamber pressure.

A thorough investigation to resolve these problems was initiated. The

investigation revealed that the thrust measurement system _as in error.

The system was measuring an additional side load, thereby increasinK

the total measured thrust. It _ss decided to install a new thrust

measurement system. Other problems, however, still remained to be

resolved at the end of this period.

The data for this period are considered to be uns&tisfaetoryandare not

presented here. However, illustrations of spud elements tested durin K

this period are presented in Fig. _5 through 53.

AC0_STIC _ PROGRAM

During April, I_, the Aeoustic Liner Program was initiated. The program

was a result of findinKs made at United Aircraft, which verified the

feasibility of usinK an acoustic liner to suppress eombustion instability.

It was decided to design an acoustic liner suitable for nse vithRoeket-

dyne's F-1 _s generator injector. It was known that a eel_Lin injector

withanunlike-impinKinKtripletvs8 inherently rouKh. Consequently,

the injector v as chosen for use with the liner to demonstmte fessibility.

The liner_s desiEned to replace the outer fuel rinK in the Kas genel_tor

injector. Figure 5h is an illnstmtion of the acoustic liner in the p_s

lenerator.
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Figure 46. Two-Phase Spud Injector Elem6nt No. 2
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Figure 47. F-1 Spud Injector Element, }4ultitube
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The Helmholtz resonators were tuned to 1990 elm, the calculated first

tangential mode frequency within the co•buster body. Because design

calculations were based on incident and reflected plane waves, the

expected performance of the liner in a cylindrical cavity _ questi_able.

• Therefore, it was decided to build a model acoustic liner awl test it in

sabient air.

Two models were built. Each consisted of a cylindrical cavity 4 inebu

in diaaeter, and having the smse first tangential frequency, 1990 op,

as the ps generator. One model had its inner cire_ference covered with

an army of orifices, which was similar to the ps generator desip.

Fractional open area _s identical. The other model had a solid inner

circumference. The two models were furnished with top plates

containing two holes. These were used to attach & sound generator and

microphone 180 degrees apart and reading at the inner wall d the emrlty.

The test to be conducted on these models 1ms to vary the frequency of

the sound generator from 0 to 2800 cps and determine whether the model

with the orifices was able to suppress the msplitude of the 1990 cycle

frequency. The models were ready to be tested by the end of this period.

Also, the fabrication of the _s Kenemtor asmtie liner was Well 1ruler

way with testing planned in the month of October.

A full-scale acoustic liner, suitable for use with. the F-I thrust chamber,

yes also designed. This was to be a eyl/nder 5 inches loag, which weald

be brazed to the face of the injector, and wmld contain tubes braze/ in

radially drilled holes. It _ designed for suEim_ absorption at 710 cps,

the _angentinl frequency of the F-I thrust ch_ber with the attached

acoustic liner.

_1_7
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BOMB DEVEL01MI_ PROGRAM

From April through June, bomb performance continued to be satisfactory

with 41 model 4 bombs and 22 model 14 bombs being used to initiate com-

bustion disturbances. All model 14 bombs functioned; one model 4 bomb

did not detonate during a two-bomb test. Figure 55 illustrates the two

different model bombs. The model 14 bomb has a thinner easing than the

model 4 bomb, and is therefore detonated with a shorter time exposure

to thrust chamber firing.

Two long-duration bombs were tested &srin_ this period. These bmabs

used fuel cooling and an ablative shield of helically wrapped quartz

fibers. One bomb was exposed to 8.4 seconds of msinstaEe withomt ms

explosive charge to check ablative performsnee. The bomb was recovered

intact. The second bomb, with k 13.5-Erain charge, accumulated 13

seconds of msinsts4Je time prior to detonation. Also, the bomb withstood

combustion disturbances induced by a model 4 bomb during the test.

At this time, it was thought that control of bomb detonation vould be

desirable. Therefore, an effort _ms made to improve ms electrically

initiated bomb. One injector was modified to have an electrical wiring

passage leading to a bomb mounted on the injector face. In two tests

the bomb was ejected before detonation because of faulty threads in the

injector. However, the effort 1ms continued in order to produce a

reliable eleetrieml bomb.
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FE_ SYSTE_ PULSI_G PROC_

Early in 1964 a 500-cycle buzz problem was noted with certs/n F-I in-

jector designs. An intensified effort was made to discover the source

of feed system resonance with the combustion process. Whe_. -naly_ical

methods failed to detect the source of the problem, r_ effort was made

to determine experimentally the nstural resonant frequency of the chamber-

fuel feed system.

All of the fuel orifices in a flat-face injector were brazed shut, and

the injector was installed in a solid-wall ehsaber. The fuel system was

filled with water and pressurized. A high-pressure pulse was then in_o-

duced into one of _he fuel inlet8 throu_ an explosive l_lsing unit.

Phetocon transducers were _used to record the pressure fluctuations

within the chsaber.

The predominant frequency encountered within the syetea was between 5000

and 6000 cps. This frequency is similar to one observed in F-1 firings.

No _)-eps resonance was apparent in the fuel feed system.

During the testinE injector leaksge developed and further tests were post-

poned for repsirs. At the time of test suspension, it ws discovered tlmt

the fuel injection pressure taps in the manifold were not flush smunted

and were not of the configuration of tube wall chamber6. The possibility

of tap cavity resonance became s pr_e suspect as the 6000 Oll mode. It

was decided to rework the chsaber taps to the tube-_ll confi_arstion

while the injector was bei_ repaired.

To excite a mode similar to thst _hich is observed in F-I firinKs, it was

thou4_at that it would be necessary to pulse the system betweea the fuel

inlets. By the end of this period n_Ltfteation of the fuel manifold to

add the new pulser locsti_ was well under way.

/ /
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During this report period, the research test effort consisted of 16 F-1

two-dimensional, high-pressure firings and two single-spud firings.

@

TW0-DD/_SI _tL TESTING

The basic goals of the two-dimensionsl test program were to study buzzing,

the effects of resur_ng, baffle configuration on stability, and tem-

perature distribution in a two-dimensional system.

To study the buzz problem, an orifice pattern identical to injector unit

082 was chosen. Injeetor unit 082 had experienced buzzin_ _a the full-

scale F-1 component tests. The tvo-dimensionsl injector utilized 0.281-

ineh-dialeter fuel doublets at 30 degrees and Q.209-inch4imneter oxidizer

doublets at _6 degrees 2_ minutes.

Table 5 su_arizes the tests conducted with the two-dimensional 082 type

injector. The conclusions from this test series were:

1. Baffles have distinct effects on stshility. The number of

baffles and _pacing are iaportant.

2. Both propellants in the liquid phase disappear within 1/2 inch

of the injector face. However, periodic puffs of liquid fuel

were observed.

A two-dimensional injector similar to injector unit X040 was tested with

various baffle eonfi_arations. Figure 56 illustrates the baffle con-

figurations, and sum_rizes the testing. Test 2090 experienced a high-

amplitude transverse mode, and test 209_ experienced buzzing. The

I_5615-7 151
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Baffle Parameters

Test

No. lq_ber

2087 2

2089 2

2092 None

2093 I 3

2O98 2 3

Length,
inches

i

Spacing,
inches

6.8, 5-8, 6.8

6.8,5.8, 6.8

9.5, 10

_.5, 9.5,/1.5

Walls

Hybrid

Solid

Solid

Solid

Solid

Fuel

Ethyl
Alcohol

RP-1

RP-1

RP-1

gP-1

P
c

ps

I0!

11

III

_*Recoverytime in milliseconds from detonation of 13.5-uain bm

Ii
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0

:TOR, TEST S_

RT"H" Co],--ents

)0 8 In-phase 600-cpe noise thmuEhout longitudinal; small
amplitude; oscillations near injector obvious in
motion pictures

70 75 600-cps noise; baffles lodged 10 inches downstream
giving "blobby baffle effects"

- 0 L]_4 checkout, spontaneous 900-cps first transverse,
steep-fronted 1200 peak-to-peak waves

70 5, 5 RCC; popped 16_G-eps second transverse, almost
sinusotdal waves; after 180 milliseconds --plitude
decayed to stable combustion for 60 milliseconds be-
fore P decay

C

.- 5, 5 Classical damp; fuel syste_ took 10 to 15 millioeeonds

to eo_letely damp; no buss

•ore injector face.

0
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conclusions from these tests again indicated the effect of baffle con-

figuration on mode establishment.

To study the problem of resurging, a two-dimensional injector similar to

injector X007 was built. It had been postulated that repeated pressure

surging or popping in the F-1 chamber was caused by bits of L_9[migrating

to the chamber wall and mixingwith film coolant fuel, forming a gel.

Thus, the two-dimensional, X007 type injector was modified by blocking

the fuel doublet next to the wall, and inserting a short, 1/2-inchbaffle

to allow a "pocket" for liquid mixing to occur without disturbance by

the combustion gases. The detail of the injector and the test sugary

are shown in Fig. 57.

The conclusions from this test series were that the pocket adjacent to

the wall did not induce popping or resurging. However, it appeared,

althou40z not "perfectly repeatable, that oxidizer on the walls of the

two-dimensional chamber did increase the damp time over thmt experienced

when fuel was on the walls. The most obvious effect was the increased

performance.

During this period, the "blobby" baffles were evaluated in tesss _85and

2086 but with the divergent half of the outer baffles removed (Fig. 58).

The results were similar to previous tests. The performance was high, but

there was an appearance of buzz.

Twe-dlmensional clmmber temperature measurements were made during this

period. Temperatures just downstream of the injector face were measured

using ehromel-alumel thermocouple8. The following results were observed.

_,.-5615-7
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_._.l 7/8 INCHES

2 + 2/Z 8LOBBY BAFFLE CONFIGURATION, TESTS 2082, 2083

1Fil_re 58. Blobby _ftles
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Test 2097

For this test, ._ive 1-inch-lonK, 10-rail sheathed thermocouple8 were in-

stalled in the 092-type injector. Two thermoeouples were centered between

LG0[ and fuel doublets, while two others were centered inside the L_ and

fuel doublets, respectively. The fifth thermoeouple was placed near the

wall just opposite the thermocouple installed in the fuel doublet.

Spontaneous instability occurred after 60 milliseconds of aninstaKe

operation.

All thermoeouples except the wall thermocouple recorded low temperaturei,

typifying liquid o_gen and RP-1 injection temperstures. The wall tberlo-

couples recorded a gas temperature of 2400 F. £t the onset of /nstmbility

the temperature at the _11 fell to ball of its previous value, while

other thermoeouples recorded temperatures from 1200 to 1700 F, with the

exception of the LOX doublet thermoeouple, which still recorded the L_

temperature.

It was believed that these measurements gave strong evidence of the winds

recirculation currents which prevail in the Imffle cavities durin E

fnstability.

0

Test 20_8

The seven thermocouples installed in the 08£-type injector, revomled

recirculation currents lmving higher temperatures tbsn in test _097.

run vss stable throughout. Four thcrmocouples were destroyed, while

three received only slizht damsKe. In oom_rut, all thermoeouplen

between fuel and oxidizer doublets recorded mnch higher temperatures

than in test 2097.

The

.I
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Test 2100

Test 2100 was a miscellaneous test eondueted to investigate flst-face

stability and perfermmee. The test is summrized in Table 6 along

with the entire two-dimensional testing for this period.

- m , ,.
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2085

2os6

2os7

'2O88

2089

2opo

2091

2092

2O93

_-10-_

4-15-_

.4-17-6_

4-22-64

_-1-_

Injector

081 No. 15,
one blobby
baffle

081 No. 15,
one blobby
baffle

08_ No. 11,
t_'.__--iueh
baffles at
6.8 and ]2.9
inches

X007 No. 9,
two 3-inch
baffles at
6.8 and
12.9 J_lehes

08_ No. 11,
two _-ineh
baffles at
6.8.and 12.9
inoheo

0_0 NO. 14,
one _-inch
baffle at
10 inches

.-0_0 No. lh,
one 3-inch
baffle at
10 J.uehus

O_ No. 11,
no baffles

O_ No. 11,
one _-ineh
baffle at
10 inches

Chamber

hybrid

Opaque

Hybrid

Hybrid

Opaque

Transparent

O_qu

P Injector,
c

psiK

.Pc = 1070

v t = 107.2 +

.Pc : I0_., +
wt 47

P = 1053
c

,o,.,÷

Pc " 1070

wt = 114.8 +

43.1

:Po " 1205
@

v t = I0_.5 +

49.6

P - 1205
e

v t - 98.3 +

48.1

PO = 1060

vt = ?.

Po " 1130

;t " 10_.6 +

50.4

Mixture
Batio

2.44

2.2

2.35

2.63

2.11

2.0_

?

2.08

Pul

lgram
9.7 ine'
from to

lgram
9.7 inc

from to

Fuel 1_
lgram
9.7 in©
from te

,1 gram
at 9.7
from t_
9.7 fr,
bottom

Fuel F
1 gram
9.7
from t

Fuel I
l_ru
9.7 ix
from I

Fuel !
l_r_
9.7
from

Fuel

I MI
9.7 i
from

IFuol

l_rr
9.7_
fro_
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_bility

_red
.l/seconds

_red
.lise©onds;
,ered
.liseconds

'ered
:1 liseoomis;
_red
.llisec_dn

_red

.lieeoo_ls;
_red
ill/seconds

_ble| BCC

_aueous;
rated 180
isecouds;

Test Objective

Same as tests 2082 at 208_ except
only one whole bnffle was used !

i

Same us test 2085, except baffles
were cut off st 4 inches, the
maxiumarea point

t

Attempt to crigter and observe
buss instability in hilh-pressm_,

two-dimensional ehmmberusing
alcohol

Observe effect of hot (220 F)
fuel on stability of ZOO7 type !
injector i

Attempt to observe buss instabil-
ity with solid walls to limit ;
recirculation i

8

Determine buss charaeter/Jtiee at

thin injector
I

0bsem stability characteristics
with flat-face injector; observe
triethylhoron ii_aitlon

?

Observe stability characteristics
with one b_fle; observe tri-
ethylboron /_tion

Results

Some buss; good perfomauce

Good performaueo

Motion pictures shev pnlsat in_ _,.I,
which apparently increases as aleoho
Is replaced by RP-I. Buss wu not
distinct on pressure records. Pyrex
yes lost

Damping obtained, but _ time /n-
creued over tom temperature RP-1.

Baffles were lost from the injector
fnee. Ihw lodpd 10 inches from
injector, another 20 inches from the
injector face, giving the effect of
blobby baffles on performance

Shear pins on the pulser did not
break, but leehanieal shook tri_ere_
a oeeeml transverse modep which did
not damp; first use of high-pressure
LflX bleed

Late iMaition with nitrozen tetroxid,
and unsymmtrieal dimethylhydrar£ne
blew both sides of ehmnber

Unstable in first transverse mode

upon enterinl mira tqe; bad flay-
meter readil_s

Spontaneously unstable in second
transverse sodo; recovered after
BCC, but still in _minst_e

41

i
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Test
No.

2O%

2095

2O96

2097

2O98

2O99

2100

160

Date

5-20-6_

_-_8-_

6-4-6_

6-10-64

6-17-64

6-23-64

6-29-M

Injector

0_0 No. 1;,
two 3-inch
baffles at
6.7 and
13.3 inches

XO07 No. 9,
two 3-inch
baffles at
6.8 and 1_.7
inches

XO07 No. 9,
two 3-inch
baffles at
6.8 and 12.7
inches

092 No. 15,
no baffles

08 On No. 11,
two 3-inch
baffles at
6.8 and 12.9
inches

XO07 No. 9,
two 3- inch
baffles at
6.8 and 12.9
inches

Combs
no baffles

Chamber
,J

Opaque

Opaque

Opaque

Opaque

Opaque

Opaque

Opaque

P Injector,
c

psig

P = 1130
.e

w t = 100.00 +

_2.6

Pc = 117o

v t = 103.7 +

45.0

Pc = 1130

_t = 96.2 +

48.0

P = 1080
C

_t = 95.3 +

_,3.1

P = 1170
.e

v t = %.7 +
37.1

P =1100
c

wt = 105 +

37.1

P = 1060
e

wt = 110:7 .,-

_8.3

Mixture
Ratio

2.31

2.0

2.21

2.55

2.80

2.29

_EL_ Be

Fuel puls
1 grsm at
9.7 inche
from top

1 grem at
inches fx-

top and 9
inches fx
bottom

1 gram at
9.7 inchE
from boil

sad 9.7
inches fz

top

1 gram at
inches f]

top and (.
inches fz
bottom

1 gram m
9.7 inch,
from top
9.7 inch,
from bot---

I gram a
9.7 inch,
"from top
9.7 inch,
from bot"

1 grama
9.7 inch
from top
9".7 inch
from hot
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;ability

:aneous buzz;
Lble BCC

feted 30
Lseconds;
feted 120
Lseconds

Le

taneous ly

abl_ RCC

vered

llisecoads;
Tered
lliseooads

vered
_illisecoads

_ble; RCC

Test Objective.

Observe bu:s characteristics of

this injector with vide-bus
(1.5 inches) baffles

Observe effect of L0X on wail;
outer fuel doublet plugged;
1/2 inch stop baffle 1/8 inch
from wall, to investigate
resurge

Reinvestigate unusual damping show_
in test 2095

Test flat-face stability and
measure chamber temperature near
injector

Observe stability characteristics
and face teapersture profile for
this injector

Investigate reproducibility of
,results obtained in test 2095,
'with same injector configuration

Investigate flat-face stability'
and performance of the Combs

Results

Buzs observed until explosive cap
detJnation triggered thlrd transverse
mode to IICC

Stable until top bomb tr/ggered third
transverse node for _0 uilliseeonds;
bottom beeb triggered third traasvers,
for 120 milliseconds

One cap detonated on ignition witb no
effect; run vas stable for full
duration

Spontaneous instability occurred afte]
60-ailliseeond asiastage operation
and was sustained to BCC

NainetaKe duration 585 milliseconds;
four themocouples ware destroyed and
three were intact; very high tempera-
turn were observed

Only one explosive cap detonated and
resulted in I0 milliseconds ef in-
stability; combustion was stable for
the rest of the 600-aill/seemd test

Combustion becaos spontaneously un-
stable on ignition and sustained
until cutoff; iajeeto r bevi_ csased
a large leak

O

/
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